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Abstract The Val28CGly single mutant at the subunit inter-
face of Cu,Zn superoxide dismutase from Photobacterium
leiognathi displays a kcat/KM value of 1.7U1010 M31 s31, twice
that of the native enzyme. Analysis of the three-dimensional
structure indicates that the active site Cu,Zn center is not
perturbed, slight structural deviations being only localized in
proximity of the mutation site. The enzyme^substrate association
rate, calculated by Brownian dynamics simulation, is identical
for both enzymes, indicating that the higher catalytic efficiency
of the Val28CGly mutant is not due to a more favorable
electrostatic potential distribution. This result demonstrates the
occurrence of an intramolecular communication between the
mutation site and the catalytic center, about 18 Aî away and
indicates a new strategy to encode extra efficiency within other
members of this enzymatic family. ß 2000 Federation of Euro-
pean Biochemical Societies. Published by Elsevier Science B.V.
All rights reserved.
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1. Introduction
Cu,Zn superoxide dismutases (Cu,Zn SODs) are a class of
metallo-enzymes which catalyze the dismutation of the super-
oxide radical into oxygen and hydrogen peroxide, providing
the cell’s initial defence against oxidative damage [1]. Under
turnover conditions, the copper ion at the enzyme active site
cycles between the Cu(II) and Cu(I) redox states, following
successive encounters with the superoxide anion substrate.
The intramolecular electron transfer between substrate and
the active site copper, in Cu,Zn SOD, is considered as an
instance of extreme e⁄ciency, the second order catalytic rate
for the enzymatic reaction being limited, practically, only by
substrate di¡usion. In this respect, it has been shown that
steering of the negatively charged substrate to the active site
is enhanced by an appropriate distribution of the electrostatic
¢eld on the enzyme surface, around the active site [2,3]. In
eukaryotic Cu,Zn SODs, such a distribution is conserved over
the di¡erent species [4], providing the condition for conserva-
tion of the second order substrate^enzyme association rate
constant k1 and of the the second order catalytic rate constant
kcat/KM ratio [5,6]. The role of the electrostatic ¢eld distribu-
tion in enhancing substrate di¡usion, in the eukaryotic en-
zymes, has been proved by a series of experiments in which
rational deletion or insertion of negatively or positively
charged residues by site-directed mutagenesis yielded mutants
having the second order catalytic rate constant higher than
that found in the wild-type enzyme, at low ionic strength [7,8].
A similar electrostatic mechanism for the attraction of the
substrate has been found also for prokaryotic Cu,Zn SODs
[9,10] which, although maintaining the typical L-barrel fold in
each subunit, adopt a di¡erent quaternary structure assembly
when compared to the eukaryotic enzymes. Moreover, they
display a di¡erent location for the so called ‘electrostatic
loop’ [11^13]. Nevertheless, also for prokaryotic Cu,Zn
SODs, rational single-site mutation of charged amino acid
residues has brought to the isolation of mutants having a
catalytic rate higher than the wild-type enzyme [14].
In the present communication, we show that the second
order catalytic rate constant for the enzymatic reaction can
also be increased without any perturbation of the enzyme
electrostatics. A single site mutation, Val28CGly, at the Pho-
tobacterium leiognathi Cu,Zn SOD subunit interface, yields an
extra e⁄cient enzyme, indicating that intramolecular commu-
nication occurs between the mutation site and the active site,
i.e. between two regions which are about 18 Aî apart. Inspec-
tion of the three-dimensional (3D) structure, determined by
X-ray di¡raction, does not show any macroscopic structural
deviation of the active site structure and Cu,Zn coordination,
when compared to the wild-type protein, suggesting that
subtle di¡erences, possibly related to modi¢ed enzyme dynam-
ics, can regulate the active site reactivity. These results high-
light mutation at the subunit interface residues as a new strat-
egy for the study and control of the second order catalytic
rate constant in Cu,Zn SODs.
2. Materials and methods
Single site mutant Val28CGly of the recombinant Cu,Zn SOD
from P. leiognathi (PSOD) was prepared in a two step PCR approach,
according to Landt et al. [15]. The ampli¢ed DNA was restricted with
EcoRI and HindIII and subsequently cloned into vector pEMBL18,
previously digested with the same restriction enzymes. The expression
plasmid obtained was inserted into the Escherichia coli strain DH5K,
as for wild-type PSOD. Recombinant clones were grown in standard
LB medium containing AMP (70 mg/ml) for 6 h at 37‡C. Then 0.25
mM of CuSO4 and 80 WM of ZnSO4 were added, and the cells were
left to grow for another 2 h. Proteins were extracted and puri¢ed as
previously described [16]. Proteins were puri¢ed to 98%, as judged by
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SDS^PAGE. Protein concentration was determined by the Lowry
method [17]. Copper content of the protein samples was determined
by EPR spectroscopy using a Cu2-EDTA solution as a standard.
Activity assays were carried out by the pulse radiolysis method
based on the dependence of the ¢rst order rate of loss of O32 , moni-
tored spectrophotometrically at 250 nm [18]. The enzyme was assayed
in Tris-Mops bu¡er in the pH range 7.4^9.0, and in borate from pH 9
and above [9]. In all cases, the assay mixture contained 0.1 M ethanol
and 0.1 mM EDTA and the bu¡er concentrations were varied be-
tween 0.01 and 0.03 M in order to keep the ionic strength constant
to I = 0.02 M. The activity assays were carried out with [O32 ]E[SOD],
i.e. under turn-over conditions. The reaction of superoxide with hy-
drogen dioxide is taken into account in the determination of the
second order rate constant for interaction of superoxide with PSOD
that was determined from measurements of the ¢rst order rate of loss
of superoxide at three di¡erent enzyme concentrations (0.25, 0.50,
0.75 WM). The error of ¢rst order rate constant at a given enzyme
concentration is at the most þ 10%. The enzyme concentration used
was changed within the range stated in order to compensate for the
lower activity at higher pH values [9]. By using fast protein liquid
chromatography (FPLC), featured by Superdex 75 (Pharmacia), no
changes in dimer^monomer equilibrium between the wild-type and the
mutated enzyme were detected in function of concentration. Until 0.5
WM of protein concentration, the resolution limit of the FPLC UV
recorder, both enzymes eluted as dimers (data not shown).
Brownian dynamics simulations of the di¡usion of superoxide
anion toward the active site under the in£uence of the protein-gener-
ated electrostatic ¢eld were carried out as previously described [6].
Electrostatic potential was calculated with the program DelPhi (Bio-
sym, Inc.) using the focusing procedure [19]. Trajectories (10 000) were
run for each simulation; values of 4 and 78.5 have been assigned to
the dielectric constant of protein interior and solvent, respectively [20].
The ion exclusion radius was set to 2 Aî . 3D coordinates of wild-type
and Val28CGly PSOD structure were used to simulate the enzyme
substrate encounter.
Crystals of the mutant PSOD were grown under the same physico-
chemical conditions previously described for the wild-type enzyme
[11], at pH 4.5, from 20% PEG 8000, 0.1 M sodium chloride and
0.05 M sodium acetate solutions; they are isomorphous with those
of the wild-type protein (space group R32, a = b = 86.9 Aî , c = 99.0 Aî ,
Q= 120‡). X-ray di¡raction data were collected at the EMBL-Ham-
burg synchrotron radiation facility (V= 0.84 Aî ), at 100 K. The crys-
tallization mother liquor was modi¢ed to 30% PEG 8000, 0.1 M
sodium chloride, 0.05 M sodium acetate, 10% glycerol, for cryo-pro-
tection. Di¡raction data were collected at 2.2 Aî resolution and pro-
cessed using DENZO ([21]; see Table 1) and programs from the CCP4
suite [22]. Re¢nement of the Val28CGly mutant 3D structure was
achieved using the program REFMAC [23]; inspection of models and
maps throughout the re¢nement was based on the O package [24].
The re¢ned model displays stereochemical parameters close to ideality
[25] and contains 57 water molecules. The ¢nal R-factor value is
21.1% (R-free 30.6%) for all the data in the 24.5^2.2 Aî resolution
range (see Table 1). Structure solution and re¢nement of the wild-
type PSOD have been described previously (R-factor = 19.1%, at 2.1 Aî
resolution; data at 100 K; [11]).
3. Results and discussion
We engineered the Val28CGly mutation in P. leiognathi
Cu,Zn SOD; residue Val28 is involved in building the inter-
subunit contacts in the homodimeric wild-type enzyme, and is
located ca. 18 Aî away from the active site, within its own
subunit. The replacement of Val28 residue with Gly a¡ects
the 3D structure of the mutant enzyme to a minor extent,
as evidenced by the 0.27 Aî rms deviation measured between
the CK atoms of the wild-type and mutant proteins (calculated
over 139 CK atoms of one Cu,Zn SOD subunit, excluding 1^6
and 146^151 CK atoms, belonging to the mobile chain extrem-
ities). Comparison of the wild-type and Val28CGly mutant
crystal structures indicates evident structural variations, essen-
tially localized in the proximity of the mutation site. In par-
ticular, the side chains of Asn23, Lys24, Met40, Leu85,
Asn95, Pro96 and Pro100, located at the subunit interface,
are a¡ected by the loss of Val28 aliphatic residue (see Fig.
1). Nevertheless, with the exception of the loss of van der
Waals contacts between Val28 and Trp73, most of the inter-
subunit contacts observed in the wild-type enzyme structure
are conserved in the Val28CGly mutant. A new intersubunit
contact site is observed at residues Met40/Asn95P, while the
Tyr25/Pro100P contact is lost in the mutant enzyme. The gen-
eral conservation of interface contacts extends to the structur-
al cluster of water molecules mediating subunit interactions in
the wild-type enzyme, in agreement with the neutral nature of
the replaced residue at site 28 [11].
Within experimental error, the active site Cu,Zn center co-
ordination geometry is unperturbed by the Val28CGly mu-
tation, the copper coordination distances being closely com-
parable with those found in the wild-type enzyme structure
[11]. Close inspection of the Val28CGly mutant structure
indicates that the interface residue mutation may slightly af-
fect the enzyme quaternary structure. Optimal superposition
of subunit A of the Val28CGly mutant structure with sub-
unit A of the wild-type enzyme produces slightly di¡erent
locations for the respective B subunits of the dimeric enzyme.
As a general trend, possibly related to the presence of a small-
er interface residue at site 28, in the Val28CGly mutant
dimer, the two subunits appear closer to each other (by ca.
0.5 Aî ) than in the wild-type enzyme structure. For example,
the distance between the two active site Cu ions is 32.0 Aî in
the mutant and 32.7 Aî in the wild-type enzyme.
The pH dependence of the second order catalytic rate con-
stant displayed by the Val28CGly mutant is shown in Fig. 2,
in comparison with that of the wild-type protein; the pH de-
pendence is similar for both enzymes. However, the rate con-
stant for the mutant Cu,Zn SOD is twice as high as that of the
wild-type enzyme in the pH range 7^9, but decreases to com-
Table 1
X-ray data collection and re¢nement statistics
Data collection
Re£ections measured 73 400
Resolution range (Aî ) 24.5^2.2
Independent re£ections 7 022
I/c(I) 20
R-merge 4.4%
Completeness 94.7%
Space group R32
Unit cell a = b = 86.0 Aî , c = 98.6 Aî , Q= 120‡
Re¢nement
Re¢nement resolution range (Aî ) 24.5^2.2
Re£ections used in re¢nement 6 283
Protein atoms 1 035
Cu,Zn atoms 2
Water molecules 57
R-factor/R-freea 0.211/0.306
B-factor protein (Aî 2) 35
B-factor solvent (Aî 2) 35
B-factor Cu,Zn (Aî 2) 29
Rmsd from ideal values:
bond lengths (Aî ) 0.010
bond angles (Aî ) 0.035
Ramachandran plotb :
Residues in most favored
regions
82.3%
Residues in additional
allowed regions
17.7%
aCalculated using 10% of the re£ections.
bData produced using the program PROCHECK [29].
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parable values above pH 10, indicating that titration of the
positively charged amino acids strongly reduces in both en-
zymes the superoxide attraction [9]. At neutral pH, the mutant
SOD displays a kcat/KM value of 1.7U1010 M31 s31, i.e. the
mutant enzyme is the most e⁄cient Cu,Zn SOD so far re-
ported.
Brownian dynamics simulation [6] based on the atomic co-
ordinates of the independently determined X-ray crystal struc-
tures of the wild-type and Val28CGly Cu,Zn SODs yields
identical enzyme^substrate association rate values for both
the native and the mutated enzyme. Such an observation in-
dicates that the enhanced catalytic rate should not result from
a more favorable electrostatic potential distribution, as ob-
served in previously reported mutant forms [7,8,14]. Rather,
the di¡erent catalytic e⁄ciencies of the wild-type and mutated
enzyme are to be ascribed to more subtle changes, that allow
long range communication between the subunit interface and
the active site. In this respect, we note that PSOD residues 26^
46 (L-strand 3c, 3,6 loop and L-strand 6d) are involved in
structural assembly of the active site, together with the S^S
subloop (residues 46^55). Due to its critical location within
the protein, the 26^46 region is a potential candidate for
transducing towards the active site region structural and dy-
namic perturbations occurring at the subunit interface, at and
Fig. 1. Chain trace of the Val29CGly A subunit (yellow), superimposed to the chain trace of wild-type A subunit (cyan). The ball and stick
side-chains show the positions of the interface residues from the inter-subunit surface point of view. The blue and green spheres represent the
copper and zinc ions, respectively. This picture was produced by using the MolScript v1.4 program [30].
Fig. 2. E¡ect of pH on the catalytic rate constant (kcat/KM) for
wild-type (F) and Val29CGly (R) mutant enzyme, determined by
pulse radiolysis. The assays for both enzymes were carried out at
20‡C and 20 mM ionic strength. The protein concentration for each
sample varied in the range 0.25^0.75 WM.
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around Val28 or Gly28, in the wild-type and mutated en-
zymes, respectively. Similarly, the structural and dynamical
behavior of the S^S subloop may echo in the active site region
di¡erences in contacts/£exibility encoded at the enzyme sub-
unit interface by residue mutations.
The experimental resolution of the X-ray di¡raction data
does not permit detection of signi¢cant changes in the active
site structure, nor does it allow accurate enough re¢nement of
the crystallographic B-factors to determine speci¢c dynamic
di¡erences between the wild-type and the mutated proteins.
However, previous molecular dynamics simulation studies on
Cu,Zn SODs have proposed a fast inter-subunit communica-
tion correlated with motions of the loops surrounding the
active site [26]. Moreover, recent X-ray di¡raction studies
on yeast and ox Cu,Zn SODs have shown that intermolecular
crystal contacts can a¡ect the enzyme active site through mod-
ulation of the Cu(II) redox potential, suggesting a subtle cor-
relation between the active site properties and structural fea-
tures located at the enzyme surface. Accordingly, very
recently, it has been demonstrated that in PSOD mutants,
whose residue Trp73 has been selectively mutated to Phe or
Tyr, removal and addition of Zn(II) induces monomerization
and dimerization of the enzyme, respectively, providing an
unambiguous proof of direct communication between the sub-
unit interface and the active site metals center [27]. The long
range role of the subunit interface in a¡ecting enzymatic ac-
tivity is further stressed by evidence that the engineered mono-
meric human Cu,Zn SOD, mutated at the interface, displays
activities much lower than that of the native enzyme [28]. In
the case of PSOD Val28CGly mutant, here presented, we
show that mutation of a residue involved in subunit associa-
tion a¡ects the active site positively, yielding a very e⁄cient
mutant Cu,Zn SOD with a kcat/KM value twice that of the
wild-type enzyme. We propose intersubunit mutation to be
considered as a new strategy to confer extra e⁄ciency to
Cu,Zn SODs.
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